I. INTRODUCTION
During the last 30 years, concerns about the biological effects of exposure to electric and magnetic fields (EMFs) at extremely low frequencies (ELF) and particularly those associated with the transmission, distribution and utilization of electric power have increased markedly. In June 2007, the World Health Organization (WHO) published a new monograph [1] reviewing the scientific literature on the health effects of the above mentioned fields, which updates previous monographs published by the WHO. This document aims to assess all possible health risks and to make recommendations regarding appropriate protective measures covering frequencies from above 0 Hz to 100 kHz, but with the vast majority of studies reviewed being conducted at 50/60 Hz.
The International Commission on Non-Ionizing Radiation Protection (ICNIRP) has provided guidelines for limiting ELF exposure [2] . According to these guidelines the reference levels for safe general public exposure are:
• For electric field strength, E < 5 kV/m • For magnetic flux density, B < 100 μΤ The levels for safe occupational exposure are:
• For electric field strength, E < 10 kV/m • For magnetic flux density, B < 500 μT A great deal of studies of power frequency EMFs has focused on locations in close vicinity to transmission lines. References [3] , [4] are recent works in this area. Limited data are yet available about the fields of these types in power substations at various voltage levels. Specifically, in [5] , measurements of magnetic field profiles around a specific substation have verified that adding a substation under an existing transmission line does not increase the magnetic field beyond the substation boundary. In [6] , magnetic fields in a 187/66 kV substation are calculated for various current conditions and described in terms of contour plots. In [7] , the magnetic fields generated by a distribution substation were measured and calculated, based on a computer model that takes into account currents in the grounding systems, distribution feeder neutrals, overhead ground wires and induced currents in equipment structures and ground grid loops. In [8] , an integral approach method is used for magnetic field measurements in a 69 kV SF 6 gas insulated substation in Taiwan. In [9] and [10] , shielding is proposed for an in-house secondary substation in Sweden in order to mitigate the magnetic field. This shielding really reduces the field values compared to the values measured before the shielding installation. We must, however, point out that these values are already far below today's accepted safe exposure limits. In paper [11] , a long-term (one year) measurement and regression analysis of magnetic fields are given for four primary substations in Taipei, Taiwan. In [12] , results of measurements and computations of the EMFs of complex busbars, transformers and transmission line structures in the transformer station 400/110 kV at Ernestinovo are presented. In [13] , first results of EMF measurements performed in very high voltage substations belonging to the Romanian national power grid are evaluated according to the relevant European Union Directives. In both these papers, the resulting electric field intensity values exceed in several areas the reference level for safe occupational exposure whilst the magnetic field density values remain smaller than the reference level of 100 μΤ over the whole examined region. The authors of [14] present values of magnetic induction measurements in various high voltage centers 150/20 kV of the Greek network. The measured values are lower than the internationally accepted reference limits. In [15] , the measured EMF values in the surrounding area of two 150-36/11 kV substations in Belgium, for different heights above ground, are much lower than the safe general public exposure limits.
The main goals of our research group, to which the authors of this paper belong, are the investigation of ELF EMFs in the areas of standardized power substations used in the Hellenic and Cyprus power system and associated information about public and working personnel. The results of ELF EMF measurements within several indoor power distribution substations 20/0.4 kV in Greece, an indoor electric power substation 132/11.5 kV in Cyprus and an outdoor electric power substation 150/20 kV in Greece are evaluated in [16] , [17] and [18] 
II. SUBSTATION DESCRIPTION
In Greece the electric power produced at the main power plants is transmitted to the main consumption centers via 400 kV transmission lines. The same voltage level is also used for interconnection with neighboring countries. The 400 kV lines enter high voltage centers, where the electric power is transformed to a voltage level of 150 kV, in order to be further transmitted via relevant transmission lines to the various geographical areas of the country. The entire Greek power transmission network belongs to the Public Power Corporation (PPC).
One of the above mentioned high voltage centers was chosen for the EMF measurements of this paper. This center was recently constructed and is situated in the North of Greece, in the area of Philippi. A ground plan of the center area on a scale of 1:2,500 is given in Fig.1 . The center consists of two independent areas: the extra high voltage area (EHVA) and the high voltage area (HVA) separated by an irrigation ditch. Its total area is approximately 150,000 square meters.
Two 400 kV lines, L1 (under construction) and L2, enter area A1 of the EHVA arriving from Thessaloniki. Area A2 is the operation field (area for circuit-breakers). Area A3 has two SF 6 power switches and lightning protection equipment. Two identical power auto-transformers are installed in area A4. Each transformer has a nominal power of 280 MVA and a nominal voltage rating of 400/150 kV. They also have a tertiary winding with a nominal power of 60 MVA and a nominal voltage of 30 kV. This winding feeds reactors and auxiliary transformers, which support local operations of the center. Two 400 kV lines, L3 and L4, depart from this area, which connect the Greek and Turkish power systems. Two other 150 kV lines, L5 and L6, depart from the same area and enter the neighboring HVA in area A7. In the same area another eight 150 kV lines are connected with SF 6 power switches. With these lines, electric power either enters the center from neighboring hydroelectric plants or is transmitted to the wider geographical area surrounding the center. Area A6 of the HVA constitutes its operation field (area for circuitbreakers) having three 150 kV buses, two of which are active with a third serving as a standby bus. kV lines entering or leaving the center are also connected in area A5 with SF 6 power switches.
Building A8 is the control room, where PPC personnel supervise the automatic operations of the whole center or execute manually-operated functions, wherever this is necessary.
Building A9 has the medium voltage, 20 kV, power switches. The medium voltage departures are underground cables inside the center area and they continue as overhead lines outside the center.
As is obvious from the above description and from the ground plan of Figure1, the high voltage center of Philippi is larger, with a very different structure, and is more complicated than the substations examined in previous works from the authors of this paper or others.
There is a fence preventing people gaining access to the center from the surrounding area, where only fields exist.
III. ELECTRIC AND MAGNETIC FIELD MEASUREMENTS
The instrument used for the EMF measurements is an EFA-3 analyzer constructed by the Wandel & Goltermann company. The same instrument was used in [16] - [18] , where its characteristics are given.
During the measurements, the mean load of each one of the two auto-transformers in the EHVA was about 43 MVA. The relevant values for the transformers of the HVA were: for transformer T1 about 8 MVA and for transformer T2 about 16 MVA.
The initial intention was to take measurements every 10 m (horizontally and vertically), within the range of frequencies and for three different heights: head height (1.80 m), waist height (1 m) and ground surface. But indicative measurements carried out in the center area, showed that there is not any serious differentiation with measurement height, there are areas with almost constant field values and the 50 Hz component is dominant making the harmonic components negligible, as the authors of [15] also point out. So, finally 150 magnetic field and 80 electric field measurements were performed in the whole center area and at waist height (1 m).
The maximum measured magnetic flux density value (rms value in μΤ) was equal to 700 μΤ. This value was measured at the medium voltage output of transformer T2 in the HVA, marked as B2 in Figure1 and this exceeds the reference level for safe occupational exposure. At the same time the magnetic flux density value measured at the medium voltage output of transformer T1 was equal to 350 μΤ. This value is half the value measured at the same relative position near transformer T2 and the same relation also applies between the loads of these transformers. This remark confirms the fact that the relation between currents and magnetic flux density values is linear as also [15] , [16] and [18] point out. Taking into account the fact that the mean load of transformer T2 was about 16 MVA during the measurement period, its relation to the nominal transformer load (50 MVA) is about 0.32. Therefore, the maximum measured magnetic flux density value extrapolated to the nominal transformer power is about equal to 2200 μΤ. There are no other positions in the whole high voltage center area where the limit for safe occupational exposure is exceeded. The maximum magnetic flux density value measured in the EHVA was equal to 26 μΤ, at position B1 of Figure1.
Diagrams are given in Figure2 showing contour and surface maps for the magnetic flux density at waist height in the whole center area. The diagrams of Figure2 will be evaluated taking into account the reference levels for safe occupational exposure, because only PPC technicians can enter the center area. Access to the public is forbidden. From Figure2, it is obvious that the measured and to a much higher degree, the extrapolated magnetic flux density values exceed safe occupational exposure limit in the medium voltage output of the transformers. It must be pointed out that these high values are recorded in close proximity to the medium voltage cables, which however are inside a protective railing preventing direct contact. These values are greatly reduced (to about 10 μT) within a distance of only 0.5m from the cables.
The measured magnetic flux density values inside the control room, building A8, the room with the medium voltage power switches, building A9 and in the ring zone, are far below the safe public and occupational exposure limits (they are between 1 and 10 μT).
Apart from the magnetic flux density, the electric field strength was measured in the high voltage center area. The electric field sensor was placed at the measurement positions and it was connected to the main instrument with a 10 m fibre optic cable. This connection and the distance between the sensor and the main instrument were necessary in order to ensure that the electric field strength would not be perturbed by the presence of persons.
The maximum electric field strength value was measured in the EHVA, in area A2 and at the position marked as E1 in Figure1. It was equal to 21.25 kV/m and therefore higher than the safe occupational exposure limit. In several other positions inside the EHVA, shown by the dotted line in Figure1, electric field strength values higher than the above limit were measured. Diagrams are given in Figure3 showing contour and surface maps for the electric field strength throughout this area. Specifically these diagrams show a small excess of the safe limit in area A1 under the active line L2 and a higher excess in several positions of area A2, where the phases come closer to the ground connected to the circuit-breakers. The measured electric field strength values are below the reference level for safe occupational exposure in areas A3, A4 and far below this level along the corridors and the fence. The maximum electric field strength value measured in the HVA was equal to 6.59 kV/m, at position E1 in Figure1.
IV. EVALUATION OF THE MEASUREMENT RESULTS AND CONCLUSIONS
This paper examines the electric and magnetic fields inside a high voltage center in Greece, consisting of two separate areas: an extra high voltage area and a high voltage area.
The measured magnetic flux density values are mostly far below the reference level for safe public and occupational exposure. No serious differentiation was noted in these values in relation to measurement height whilst the 50 Hz component was dominant making the harmonic components negligible.
In one position only inside the high voltage area, in direct contact with cables at the medium voltage output of the transformer, the above levels were violated. But it must be noted that firstly, this value greatly decreases with distance and secondly, the position where this high value was measured is inside a protective railing and so is not accessible to PPC technicians.
In addition it must be noted that the measured magnetic flux density values are very small in the supervision room, where the supervisors of the substation are working and in the ring zone, where the public has access.
The measured electric field strength values exceed the reference level for safe occupational exposure in several positions of the extra high voltage area, where the 400 kV equipment is established. These values greatly decrease with distance and they are lower than the accepted limits at the PPC technicians access positions (the corridors of the center) and far below the reference level for safe public exposure in the ring zone, where the public has access. In the case of repair or maintenance work, PPC technicians remain inside the extra high voltage area of the center for short periods of time while at the same time the lines are usually out of order and so the electric field strength values are low and therefore they are not dangerous.
The final results, according to the measured magnetic flux density values, are the same with those outlined in [12] - [18] , with values substantially within recognized guidelines, suggesting that they are not dangerous and, therefore, no cause for concern among the public or working personnel. According to the measured electric field strength values, these exceed the reference level for safe occupational exposure in several positions inside the center, as also found in [12] , [13] , because of the increased voltage level (400 kV) compared to [16] - [18] . The relevant values measured outside the center fence are far below the reference level for safe public exposure.
